It has been accepted that the change in local cerebral blood flow (LCBF) induced by sensory stimulation (evoked LCBF) reflects a neuronal activity in the brain, since the coupling between LCBF and neuronal activity was first proposed by Roy and Sherrington [1] . However, the mechanisms underlying evoked LCBF remain to be clarified because the relationship among neuronal activation, metabolism, and change in LCBF is highly complex. Several factors, such as metabolic by-products (e.g., proton, potassium, adenosine, and nitric oxide) and neurogenic control, might be responsible for the vessel diameter change in neurovascular coupling on cortical activation [2] . Oxygen and carbon dioxide may also be involved in LCBF regulation during neuronal activity [3, 4] . It is well known that the CO 2 reactivity is mediated by pH variations around the arteriolar site (resistance vessel), and the pH variations influence the tone of the vascular smooth muscle [5] . This indicates that a change in PaCO 2 level is associated with the dilation of resistance vessels, causing a change in precapillary pressure. The location of vasculature, however, where microcirculation is regulated during neuronal activity, has been poorly understood. Some investigators observed that the diameter of the pial arteriole reflects the amount of blood flow during neuronal activation Key words: cerebral blood flow, hypercapnia, laser-Doppler flowmetry, somatosensory stimulation, rat.
of the cortex [6] . Malonek et al. noted in the cat visual cortex that the cerebral blood volume increase preceded the CBF increase and assumed that the capillary change occurs before arteriolar dilation [7] . In our previous studies, we hypothesized that the capillary and the resistance vessels both contribute to the regulation of evoked LCBF [8, 9] , and the regulation by these vessels is controlled by independent mechanisms [8] .
The purpose of this study was to test the above hypothesis by measuring the change in red blood cell (RBC) behavior, using laser-Doppler flowmetry (LDF), during the increase in LCBF. LDF has been used to monitor cerebral microcirculation in the capillary bed. Several laboratories have used LDF to demonstrate LCBF changes related to neuronal activation by various stimuli [3, 4, 6, [8] [9] [10] [11] [12] [13] . LDF has also been improved to monitor RBC velocity and RBC concentration independently, and the validations of these parameters were achieved by in vitro experiments [10] . It was considered that RBC behavior in the capillary bed is the main contributor to the LDF signal [10] , suggesting that the vascular behavior of the capillary and resistance vessel during LCBF increase is indirectly determined from the change in RBC concentration or RBC velocity [3, 4, [8] [9] [10] [11] . In the present study, we examined the response of LCBF, RBC concentration, and RBC velocity during various levels of the somatosensory activation and CO 2 inhalation (hypercapnia) to investigate vascular behavior.
MATERIALS AND METHODS
Sprague-Dawley rats (330-420 g), which were bred in a closed colony (Charles River Japan Inc., Japan), were anesthetized with halothane (4% for induction and 1.5% during surgery) in 30% oxygen and 70% nitrous oxide. The tail artery and the left femoral vein were cannulated for blood pressure monitoring, blood gas sampling, and intravenous drug administration. Following tracheotomy, ␣-chloralose (75 mg/kg, I.V.) was administered, and halothane and nitrous oxide administrations were discontinued. The rat was immobilized with pancuronium bromide (0.7 mg/kg, I.V.) and ventilated with a respirator (SN-480-7, Shinano, Japan) using room air and supplemental oxygen throughout the experimental period. Anesthesia was maintained with ␣-chloralose (45 mg/kg/h, I.V.), and muscle relaxation with pancuronium bromide (0.8 mg/kg/h, I.V.). The body temperature was maintained at approximately 37.0°C by use of a heating pad (ATC-101, Unique Medical, Japan). The rat was fixed in a stereotactic frame and the parietal bone was thinned to translucency at the left somatosensory cortex over an area of 3ϫ3 mm 2 , centered at 2.5 mm caudal and 2.5 mm lateral to the bregma. The PaCO 2 levels were maintained in a range of 32-40 mmHg and the PaO 2 levels in a range of 90-120 mmHg by regulating the stroke volume of ventilation and the fractional concentration of oxygen in the inspired gas, respectively.
LCBF was measured with an LDF (Periflux 4001 Master, Perimed, Sweden) equipped with an LDF probe with a tip diameter of 0.46 mm (Probe 411, Perimed). LDF measures blood flow based on the Doppler effect by using laser light. Our LDF system simultaneously provides three parameters: flux (ϭLCBF), RBC concentration, and RBC velocity, where RBC velocityϭLCBF/RBC concentration [14] . The volume of LDF measurement was about 1 mm 3 . A time constant of 0.03 s was used for measuring all LDF signals (LCBF, RBC concentration, and RBC velocity). The LDF probe was placed in the somatosensory area of the hind paw, perpendicular to the brain surface. It was attached to the thinned parietal bone, avoiding areas with large blood vessels.
To ensure a stable condition of the animal, measurements were performed 2-3 h after the preparation of the parietal bone. An induction of the increase in LCBF was carried out by CO 2 inhalation (Study 1) and somatosensory stimulation (Study 2). In Study 1, PaCO 2 , LCBF, RBC concentration, and RBC velocity were successively measured after approximately 2.5 and 4.0% CO 2 inhalation (nϭ7). This paradigm was to investigate the effect of hypercapnia on hemodynamic responses. We first examined hemodynamic response under 2.5% CO 2 inhalation, followed by that under 4.0% CO 2 inhalation after 2 h of offset of 2.5% CO 2 inhalation. In Study 2, the activation of the cortex was carried out by electrical pulse stimulation of the hind paw (pulse width of 0.1 ms), using a pair of small needle electrodes inserted under the skin of the right hind paw (nϭ14). The frequencies of 0.2, 1, 5, and 10 Hz of electrical stimuli were applied for a 5 s duration at an intensity of 1.5 mA. The order of the stimulus frequencies was selected randomly; at each stimulus frequency, 30 successive stimuli were applied at 60 s intervals.
The LDF signals and arterial blood pressure were recorded continuously by using the MacLab data-acquisition software (AD Instruments, Australia). LDF data of 30 successive measurements in Study 2 were accumulated to reduce the noise level of the LDF signal and saved on a disk for off-line analyses. The LDF data were normalized to the prestimulus value (base-line level). In Study 2, the rise time, peak time, and termination time of the evoked LCBF response were measured as a function of stimulus frequency. The rise time of the LDF signal was determined as the intersection of the baseline and the extrapolated line, which was drawn on the normalized response curve from 90 to 10% of the peak, and the termination time to the baseline level was determined as the time at the intersection of the baseline by a similar extrapolated line (detail in Matsuura et al. [8] ). The peak time was when the response curve reached maximum height. The response magnitude for the 5 s hind-paw stimulation was calculated as the integral of the normalized response curve from the rise time to the termination time and was considered to reflect the total increase in blood flow.
Parameters among each stimulus frequency were statistically analyzed by ANOVA (repeated measurements) and multiple comparisons (Bonferroni). Values are presented as meansϮSD. All experiments were in accordance with the guidelines of the Physiological Society of Japan and were approved by the Animal Care and Use Committee of Akita Research Institute of Brain and Blood Vessels.
RESULTS

Changes in RBC behavior under hypercapnic condition (Study 1)
Hypercapnia, which was induced by adding approximately 2.5 and 4.0% CO 2 , increased the PaCO 2 level and LDF parameters gradually with a slight decrease in the mean arterial blood pressure (MABP). The MABP after 30 min of 2.5 and 4.0% CO 2 inhalation decreased to 89.5Ϯ7.2 mmHg, from 101.4Ϯ8.4 (pϽ 0.05), and to 90.1Ϯ7.2 mmHg, from 100.7Ϯ7.2 (pϽ 0.05), respectively. There was no significant difference in PaO 2 level between normocapnia and hypercapnia. PaO 2 levels after 30 min of 2.5 and 4.0% CO 2 inhalation were 101.9Ϯ6.0 and 100.5Ϯ11.9 mmHg, respectively (105.6Ϯ7.5 mmHg under normocapnia).
The PaCO 2 level, LCBF, and RBC velocity reached peak values after approximately 20 min of both levels of CO 2 inhalation (Fig. 1) . RBC concentration reached a peak value after approximately 15 min of CO 2 inhalation (Fig. 1) . After 20 min of 2.5% CO 2 inhalation, the PaCO 2 level increased to 74.1Ϯ7.1 mmHg, from 37.4Ϯ1.7. At this time, LCBF, RBC concentration, and RBC velocity increased to 87.5Ϯ14.9, 25.4Ϯ10.8, and 41.5Ϯ7.9%, respectively. After 20 min of 4.0% CO 2 inhalation, the PaCO 2 level also increased to 92.5Ϯ6.2 mmHg, from 37.3Ϯ2.1. LCBF, RBC concentration, and RBC velocity after 20 min of 4.0% CO 2 inhalation increased to 130.0Ϯ38.2, 24.3Ϯ 13.0, and 71.4Ϯ20.9%, respectively. Under both CO 2 conditions, changes in RBC velocity were higher than those in RBC concentration (pϽ0.05).
The increases in LCBF and RBC velocity during 4.0% CO 2 inhalation were higher than those during 2.5% CO 2 inhalation (pϽ0.05), although a significant difference after 5 s was not detected between the two conditions ( Fig. 1) . On the other hand, there was no significant difference in RBC concentration between Changes in RBC Behavior during CBF Increase were considered as 0%. Note that the increases in LCBF and RBC velocity during 4.0% CO 2 inhalation were higher than those during 2.5% CO 2 inhalation (* pϽ0.05), though there was no significant difference in RBC concentration between the two CO 2 conditions. Open and closed symbols indicate 2.5 and 4.0% CO 2 inhalation, respectively. Error bars indicate SD (nϭ7).
the conditions of 2.5 and 4.0% CO 2 inhalation.
Changes in RBC behavior during neuronal activation (Study 2)
The MABP and blood gas values in Study 2 were as follows (nϭ14): MABPϭ106.6Ϯ9.1 mmHg, PaO 2 ϭ 118.9Ϯ7.4 mmHg, and PaCO 2 ϭ36.9Ϯ1.6 mmHg. These values were maintained within a stable range throughout the experiment. The arterial blood pressure did not change significantly during stimulation, which is consistent with our previous studies [8, 12] .
The time response curves of the evoked LCBF to various stimulation frequencies are shown in Fig. 2 . The evoked LCBF started to increase approximately 0.5 s after the onset of stimulation, regardless of the stimulus frequency. The response curve of evoked LCBF at 1, 5, and 10 Hz started to decline before the offset of stimulation, indicating that the peak value of evoked LCBF was noted before the cessation of neuronal activity. The evoked LCBF at 0.2 Hz peaked at 2.37Ϯ0.68 s and returned to the baseline level 4.79Ϯ 0.82 s after the onset of stimulation. The evoked LCBF at 1 and 5 Hz peaked at 4.36Ϯ1.00 and 4.00Ϯ 0.62 s and returned to the baseline level 8.25Ϯ0.98 and 8.45Ϯ0.80 s, respectively, after the onset of stimulation. During 10 Hz stimulation, the evoked LCBF peaked at 3.05Ϯ0.58 s and returned to the baseline level 6.41Ϯ0.99 s after the onset of stimulation.
The response magnitudes of evoked LCBF, RBC concentration, and RBC velocity increased with increasing stimulus frequency up to 5 Hz and decreased at 10 Hz (Figs. 2 and 3) . However, the contributions of RBC concentration and RBC velocity to evoked LCBF at 0.2 and 10 Hz were not the same (Fig. 3) . The response magnitudes of RBC concentration were greater than those of RBC velocity at 0.2 and 10 Hz (pϽ0.05). On the other hand, at 1 and 5 Hz stimulation there was no significant difference in response magnitude between RBC concentration and RBC velocity (Fig. 3) .
DISCUSSION
In this study, we demonstrated the independent dynamics of RBC concentration and RBC velocity by using LDF. It reflects only RBC behavior, which in the capillary bed is the main contributor to the LDF signal [10] . Thus the increase in RBC concentration within the capillary suggests an increase in the capillary volume, i.e., physiological recruitment [15] or capillary dilatation [16, 17] , and the increase in RBC velocity at the capillary level is considered as being induced by an increase in transluminal pressure because of a decrease in the resistance of the upstream arteriole.
In the experiment of CO 2 inhalation (Study 1), the MABP level after 30 min of CO 2 inhalation decreased by approximately 10 mmHg compared with that before CO 2 inhalation (pϽ0.05). This indicates that CO 2 inhalation caused a decline in systemic perfusion Japanese Journal of Physiology Vol. 51, No. 6, 2001
T. MATSUURA and I. KANNO Normalized response magnitudes were calculated as an integral of the response curve of evoked LCBF from rise time to termination time (see details in text). Note that the response magnitudes of RBC concentration at 0.2 and 10 Hz were greater than those of RBC velocity (* pϽ0.05), though there were no significant differences in response magnitudes at 1 and 5 Hz stimulations between RBC concentration and RBC velocity. Error bars indicate SD (nϭ14).
pressure in this experiment. During CO 2 inhalation, however, LCBF increased with an increase in RBC velocity in spite of a decrease in MABP level (Fig. 1) . It is well known that cerebral blood flow (CBF) is maintained within a constant level by changes in vascular resistance even when MABP is slightly reduced (autoregulation), although an extreme change in blood pressure evoked by a strong stimulation of peripheral nerves, for example, affects CBF. These suggest that a decrease in perfusion pressure in the cortex is masked by a dilation of resistance vessels induced by CO 2 inhalation (see below), or autoregulation is maintained even when the rat is subjected to ␣-chloralose anesthesia.
Many reports have been made in which the relationship between RBC velocity and RBC concentration after CO 2 inhalation was investigated. Most investigators observed an increase in RBC concentration besides an increase in RBC velocity during hypercapnia (e.g. [10, 16] ). An increase in RBC concentration during CO 2 inhalation would indicate an increase in capillary volume under hypercapnia. Capillaries had been considered as rigid tubes. However, a moderate degree of distension of capillaries was observed by the microscopy of histological sections of rats subjected to hypercapnia in comparison with those subjected to hypocapnia [17] , and an increase in capillary diameter was detected by confocal laser-scanning microscopy [16] . In the present study, we showed a larger change in RBC velocity than in RBC concentration during CO 2 inhalation (Fig. 1) . Moreover, the increase in RBC velocity during 4.0% CO 2 inhalation was higher than during 2.5% CO 2 inhalation (pϽ0.05), and there was no significant difference in RBC concentration between the two conditions (Fig. 1) . These suggest an increase in perfusion level in the capillary bed and a physical limitation of increase in capillary volume during hypercapnia. In both levels of CO 2 inhalation, RBC concentration reached a peak (approximately a 25% increase) after 15 min of CO 2 inhalation, and LCBF and RBC velocity continued to increase at this time and reached their peak after 20 min of CO 2 inhalation (Fig. 1) . These results indicate that the capillary volume would reach a maximal value when LCBF shows an increase of more than 75%. This is consistent with results of a published study using LDF [10] . It is known that pH variations influence the tone of the vascular smooth muscle of resistance vessels [5] . Nitric oxide and adenosine, which are vasodilators, also play a role in this reactivity [18, 19] . These suggest that a change in PaCO 2 level causes a change in the production of these mediators, which are associated with the dilation of resistance vessels, causing a change in precapillary pressure and therefore a change in RBC velocity in the capillary bed.
Some possible mechanisms of LCBF regulation during neuronal activity are proposed. One mechanism is that the changes in LCBF are controlled only by resistance vessels, i.e., arterioles [6, 20, 21] , and passive capillary changes may also be involved. Another possible mechanism proposed by Malonek et al. [7] is active capillary changes. In the present study we found that the responses of RBC concentration at 0.2 and 10 Hz were greater than those of RBC velocity (pϽ0.05), though both RBC concentration and RBC velocity contributed equally at 1 and 5 Hz stimulation (Fig. 3) . It has been known that neuronal activity in the somatosensory area would be maximum when the peripheral nerves are stimulated at approximately 5 Hz [4, 6, 8, 11, [22] [23] [24] . This suggests that an increase in capillary volume is greater than in transluminal pressure when the activity of the somatosensory cortex is weak, and the contributions of these components become the same when the activity of the somatosensory area in response to peripheral stimulation reaches a maximal level. Based on our previous observation, we reported using direct electrical stimulation of the cortex that the increase in RBC velocity was larger than that in RBC concentration when the evoked LCBF reached a superabundant level [9] . These indicate that the contribution of capillary and resistance vessel would change in response to the level of evoked LCBF. In other words, the contribution of capillaries would be large during a small LCBF increase, and it would become smaller with an increasing level of evoked LCBF.
Adachi et al. demonstrated the effect of the stimulation of nucleus basalis of Meynert and hypercapnia on the pial artery diameter and change in LCBF, and described that hypercapnia caused an increase in the pial artery diameter and LCBF, but the stimulation of cholinergic fibers caused an increase in LCBF without a change in the pial artery diameter [25] . They also reported that evoked LCBF induced by cutaneous noxious stimulation was independent of the change in blood pressure and of any concomitant vasodilatation [26] . These observations support the concept of the neuronal control of evoked LCBF in the capillary level. In the present study, LCBF after 5 min of 2.5% CO 2 inhalation showed a 30.2Ϯ10.4% increase compared with that before CO 2 inhalation. This value was nearly the same as that of evoked LCBF at 5 Hz. However, the contributions of RBC concentration and RBC velocity during somatosensory stimulation were different from those during CO 2 inhalation. The increase in RBC concentration after CO 2 inhalation was smaller than that in RBC velocity (pϽ0.05; Fig. 1 ). On the other hand, there was no significant difference in response magnitude between RBC concentration and RBC velocity during somatosensory stimulation at 5 Hz (Fig. 3) . These suggest that the increase in LCBF during neuronal activity is different from that of controlling the LCBF as induced by CO 2 . We conclude that the evoked LCBF is regulated by both capillary and arteriole changes and that the capillary and arteriole are controlled by independent mechanisms.
